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High-speed modulator with interleaved junctions in zero-change CMOS photonics L. Alloatti A microring depletion modulator is demonstrated with T-shaped lateral p-n junctions used to realize efficient modulation while maximizing the RC limited bandwidth. The device having a 3 dB bandwidth of 13 GHz has been fabricated in a standard 45 nm microelectronics CMOS process. The cavity has a linewidth of 17 GHz and an average wavelength-shift of 9 pm/V in reverse-bias conditions. V C 2016 AIP Publishing LLC.
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Single-chip digital circuits communicating directly using light have the potential to overcome the power and bandwidth limitations currently affecting a variety of digital systems from consumer devices to high-performance computers (HPCs) and data-centers.
1-5 Recently, we have demonstrated the first microprocessor with monolithic photonic interconnects. 5 The microprocessor was fabricated in the 45 nm 12SOI process of GlobalFoundries (formerly IBM) which is currently utilized in several HPC systems. All photonic components were realized without requiring any change to the fabrication flow and without violating the design rules of the process design kit (PDK)-a term that we named "zero-change CMOS." 6 This approach offers the advantage of leaving the transistors' yield and specifications unaltered, therefore, avoiding expensive processdevelopment and transistor qualification steps.
7, 8 However, realizing high-performance photonic components with such material and process constraints has remained a challenge, and the bandwidth of the first demonstration was limited to 2.5 Gb/s. 5 Currently, the 45 nm photonic toolbox includes waveguides with 5 dB/cm loss, 6 low-loss grating-couplers, 9 32 GHz/ 0.023 A/W or 12.5 Gbps/0.55 A/W photodiodes, 8, 10 and 5 Gbps modulators. 11 The achievable link bandwidth is therefore limited by the modulator.
In this work, we have improved 5,11 the modulation bandwidth by an order of magnitude and simultaneously reduced the reverse-bias operating voltage. The modulator consists of a microring resonator whose resonant wavelength is modulated through plasma-dispersion in lateral pn-junctions (Fig. 1) . The cavity has a radius of 5 lm and is etched into the crystalline silicon which is normally used in the 45 nm process for realizing the body of the transistors. The disk-like cavity exploits a whispering gallery mode concentrated in the outer half of the disk for effectively separating the optical field from the metal contacts as described in more detail by Shainline et al. 11 The silicon layer has a thickness of less than 100 nm. After wafer processing and chip dicing, the substrate is thinned to facilitate optical confinement.
for the ion-implant masks has been replaced with a fine 1 nm grid. 13 The layout was enabled by a fully scripted photonic-design automation (PDA) tool based on Cadence with automatic removal of design-rule (DR) violations. 13 The p-region is given by the superposition of two p-well implants having the shape of a T and a cumulative dose of (9 6 2) Â 10 17 cm À3 . The Ts start on the inner contacts and terminate at about 300 nm from the outer radius, i.e., where the optical mode is maximum, Fig. 1(b) . Two n-well implants surround the p-region forming the interdigitated junctions, Fig. 1(b) . Together, their dose is smaller than 5 Â 10 17 cm À3 . The asymmetry in the p-type and n-type doping concentration helps minimize the resistance of the low-mobility, p-doped spokes while still allowing for significant depletion modulation. The spokes are T-shaped for enabling nearly abutted implants (and therefore higher capacitances) on the outer half of the disk where the mode is concentrated, while leaving a gap of about 80 nm on the inner half of the disk for diminishing the parasitic capacitance, Fig. 1(c) . Source-drain (S/D) implants and silicidation complete the electrical contact to the high-frequency ground-signal (GS) electrodes. 8 To facilitate testing, broadband grating couplers (1170 nm-1560 nm), Fig. 1(a) , are used to couple TE-polarized light in and out of the waveguide and cause a loss of at about 12 dB each, although optimized grating couplers have been The current-voltage characteristic is shown in Fig. 2(a) . While the dark current is smaller than 20 pA in the reverse bias range À5 V-0 V, the modulator shows photocarrier generation when light is coupled into the active region as reported already in a number of similar devices.
14-17 Next, we characterized the tuning of the cavity wavelength when varying the reverse bias between 0 V and À4 V, Fig. 2(b) obtaining a wavelength change of 0.036 nm. To avoid the wavelength drift caused by selfheating, the optical power was lowered to about À60 dBm, and the voltage was switched after recording each datapoint a few times per second. A thermally tuned distributed feedback laser (QDLaser model QLD1161-8030) was used. At resonance the in-fiber output power was close to the power meter noise. Using higher input powers, the transmission at resonance was measured to be À11 6 1 dB and comparison with other devices indicated that the cavity is slightly overcoupled. The FWHM transmission is dk FWHM ¼ 0.079 6 0.005 nm (17 GHz) corresponding to a loaded Q ¼ k/dk FWHM ¼ 15 000. A closed-loop circuit and a thermal heater can effectively lock the resonator to the desired wavelength as demonstrated elsewhere on the chip. 18 The small-signal bandwidth of the device is shown in Fig. 2(c) and has been measured with a method in all similar to what described earlier; 10 in particular, the reference plane was set on the V-connector of the 50 lm pitch GS probe. For this measurement, the wavelength was set to the À3 dB transmission point and the bias voltage was set to À1 V.
Eye diagrams were recorded at 12.5 Gbps (PRBS length 2 31 -1) with an Agilent waveform analyzer (model 86108A) and a commercial 30 GHz photodiode, confirming a fast response also at large signals, Fig. 3 . The insertion loss was of $3 dB and the extinction ratio of $5 dB with a peak-topeak driving voltage of 2.46 V. The bandwidth was limited by the bandwidth of the pulse-pattern generator (Agilent 70843). A bias-T with 50 kHz cut off (SHF BT 65) was inserted between the photodiode and the waveform analyzer for filtering out low-frequency optical power drifts caused by mechanical vibrations of the setup. The electrical back-toback eye with 12 dB attenuation and 50 X termination is shown in Fig. 3(b) . The device is approximated as an open circuit, and the driving voltage is calculated assuming voltage doubling at the open terminals. The in-waveguide incident optical power was between 0 dBm and 3 dBm, proving that this device can sustain higher optical power levels than in our previous demonstration. 5 Along with the use of lowloss grating couplers, 9 this should enable the removal of optical amplifiers between transmitter and receiver chips in future optical links.
In conclusion, we have demonstrated a 13 GHz modulator in zero-change CMOS. Combined with the readily available high-speed photodiodes in the same 45 nm process, 8 this result opens the way to monolithic chip-to-chip links with a symbol rate of 25 GBd-a tenfold improvement over previous results. 5 In the current layout, we have used only four well implants out the more than ten available. Using a superposition of additional masks may therefore be used to further increase the bandwidth and the modulation depths in future iterations. For example, using the identical device geometry but optimizing the doping concentration should enable devices with similar modulation efficiency and insertion loss but with RC-limited bandwidths in excess of 20 GHz.
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